Cigarette smoke (CS) affects DNA damage and cellular senescence signaling pathways in the pathogenesis of chronic obstructive pulmonary disease (COPD). p16
Chronic obstructive pulmonary disease (COPD) is the third leading cause of chronic morbidity and mortality, both in the United States (affecting an estimated 23 million people) and globally. Cigarette smoke (CS), the most important etiological risk factor for the development of COPD, has been shown to cause DNA damage and cellular senescence, leading to premature and accelerated lung aging, predominantly due to lung parenchymal destruction and decline in pulmonary function (1) (2) (3) . Cellular senescence is a state of irreversible growth arrest, which impairs tissue repair and contributes to the aging process. A link between cellular senescence and premature lung aging has been proposed in the pathogenesis of COPD. Previous reports have shown a critical role of cellular senescence during the development of COPD/emphysema (4) (5) (6) , but the precise molecular mechanism is not yet known.
The senescent cells are prone to secrete proinflammatory mediators, a phenomenon termed "senescence-associated secretory phenotype" (SASP), which may form a positive loop that reinforces stress-induced cellular senescence (7) (8) (9) (10) (11) . Lung cellular senescence and inflammatory response are the key events in the pathogenesis of COPD. p16
INK4a (a cyclin-dependent kinase inhibitor) is a novel target shown to be associated with cellular senescence in vitro and in vivo. Removal of p16 is shown to delay cellular senescence in progeroid aging mice (12, 13) . However, it remains unclear whether p16 induction is responsible for CS-induced lung cellular senescence, and its role in the development of COPD/emphysema is not known. In addition, it remains unclear whether p16 global deletion or targeted deletion in the lung epithelium could augment and or/attenuate against CS-mediated stress-induced premature senescence (SIPS) and SASP during the pathogenesis of COPD/emphysema.
Human studies have shown that telomere attrition (in leukocytes) is associated with decline in lung function and accelerated aging in smokers and patients with COPD (14, 15) . We have recently shown that CS exposure increases the levels of p16, p21, p53 (prosenescence markers), and gH2AX phosphorylation (DNA damage marker) in human lung epithelial cells and fibroblasts in vitro, acute/chronic CS-exposed mouse lungs in vivo, as well as in lungs of patients with COPD (16) (17) (18) (19) (20) (21) . However, it is not known whether p16 induction or p16 removal from lung cells has an explicit role in CS-induced DNA damage and cellular senescence during the development of COPD/emphysema. We hypothesized that induction of prosenescence targets, such as p16, in mouse models of COPD/emphysema augments cellular senescence mechanisms contributing to premature lung aging. Furthermore, we hypothesize that p16 plays an important role in the regulation of CS-induced cellular senescence (SIPS and SASP) during the pathogenesis of COPD. We show here that p16 and p21 levels were induced in chronic CS-exposed mouse lungs with COPD/emphysema. CS caused impaired DNA damage response, which augments chronic CS-induced cellular senescence. In this study, we used mouse models of COPD/emphysema (CS, N-formyl-methionyl-leucyl-phenylalanine [fMLP], and elastase) and novel transgenic mouse strains (p16 global deletion [p16 knockout (KO)] and p16 lung epithelial cell-specific [p16 Cre-CC10] KO mice). Our data clearly demonstrates that deletion of p16, either globally or specifically in the lung epithelium, was not sufficient to mediate protection against SIPS and SASP, suggesting that the involvement of other cellular senescence mechanisms together play an essential role in the pathogenesis of COPD/emphysema.
Methods
See details on the methods in the data supplement.
All the experimental details for mouse strains used in this study are presented in detail in the data supplement, and include the following: mouse models of COPD/emphysema (CS, fMLP, and elastase exposures); measurement of lung mechanics; BAL; labeling of BAL cells for flow cytometry; protein extraction from lung tissues and quantification; Western blot analysis; immunohistochemistry; lung morphometry; proinflammatory cytokine analysis in BAL fluid; measurement of senescence-associated b-galactosidase (SA-b-gal) activity; cellular senescence gene expression panel by nanoString nCounter; and statistical analysis. Ink4a/Arf-null (B6) mice (B6.129-Cdkn2a tm1Rdp /Nci) were obtained from the National Cancer Institute (stock no. 01XB1) (22) . Both p16 heterozygous and homozygous KO mice were used. p16
CreCC10 mice (club cell-specific p16 deletion) were generated by crossing p16 fl/fl mice (p16 conditional KO) (23) , recovered from cryopreserved embryos from the Jackson Laboratory provided by Dr. Norman E. Sharpless (stock no. 905917; The University of North Carolina, Chapel Hill) with mice expressing the Cre recombinase transgene under the control of the CC10 promoter (C57BL/6J; obtained from T. J. Mariani, Ph.D., University of Rochester) (see details described in the data supplement).
Mouse Models of COPD/Emphysema 1) CS exposure: acute/chronic CS exposure.
p16 KO, wild-type littermates, and p16 fl/fl and p16
CreCC10 mice were bred and maintained with a 12-hour light/dark cycle in the vivarium facility of the University of Rochester. For studies involving 3 days or 10 days (acute) and 6 months (chronic) exposures, research-grade cigarettes (3R4F; University of Kentucky, Lexington, KY) were used to generate CS. Mice were exposed to CS according to the Federal Trade Commission protocol (1 puff/min of 2-s duration and 35-ml volume) with a Baumgartner-Jaeger CSM2072i automatic CS generating machine (CH Technologies) (24, 25) (see details described in the data supplement).
2) fMLP exposure. It is also known that p16 deletions in mice develop spontaneous tumorigenesis (22, 26) . Therefore, we considered using the fMLP-induced airspace enlargement model (in 21 d) to investigate the role of p16 deletion, which mimics chronic CS-induced emphysema (27, 28) (see details described in the data supplement).
3) Elastase exposure. Mice were suspended at 50-60 8 by securing the upper incisor teeth to the board after being anesthetized with ketamine (100 mg/kg intraperitoneally). The MicroSpray tip (Penn-Century Inc.) was endotracheally inserted, and 50-100 ml of saline alone or saline containing 1 U of porcine pancreatic elastase (Sigma-Aldrich) was sprayed into the trachea, as described previously (21, 29) (see details described in the data supplement).
Measurement of Lung Mechanics
Lung mechanical properties, including lung compliance, resistance, and elastance, were determined as described previously (21, 29 ) (see detailed descriptions of all other methods in the data supplement).
Statistical Analysis
Statistical analysis of significance was calculated using one-way ANOVA for multigroup comparisons (Tukey's multiple comparison test) using GraphPad Prism 7 (GraphPad Software Inc.). The results are shown as the mean (6SEM). P less than 0.05 was considered as statistically significant.
Results

Chronic CS Exposure Augments Cellular Senescence Markers and Reduces DNA Repair Protein in the Lungs
Chronic CS-exposed wild-type mice showed a significant increase in the abundance of p16 and p21 in lung homogenates compared with air-exposed control mice ( Figures 1A and 1B) . The induction of cellular senescence markers in lung homogenates correlates with increased DNA damage and reduced DNA repair protein. Immunoblot analysis confirmed significant reduction in the levels of nonhomologous end joining DNA repair protein, Ku70, and increase in gH2AX phosphorylation in chronic CS-exposed mice compared with air-exposed control mice ( Figures 1A and 1B) . This was associated with increased cellular senescence, as measured by SA-b-gal in chronic CS-exposed wild-type (WT) mice compared with air-exposed control mice (data not shown), consistent with our previous report (21) . In addition, we also measured p16 expression in the lung epithelium by immunohistochemical staining. Chronic CS exposure significantly induced expression of p16 in the mouse bronchial epithelium, as confirmed by an increase in the staining score performed semiquantitatively in a blinded manner compared with air-exposed controls, which corroborates the immunoblot analysis for p16 in lung homogenates ( Figures 1C and 1D ).
p16
INK4a abundance was further confirmed using other targeted antibodies (data not shown). This finding allows us to generate p16 lung epithelial cell-specific conditional KO mice (p16 CreCC10 ) to test our hypothesis.
Acute 10-Day CS Exposure to p16 KO Mice Shows Attenuation of Inflammatory Cellular Influx, but Not Proinflammatory Cytokines in the Lungs p16 KO mice exposed to acute/short-term (10-d) CS showed significant reduction in inflammatory cellular influx (neutrophil counts and total cell counts) in the BAL fluid (see Figure E1A in the data supplement). We next determined whether the reduction in inflammatory cellular influx in BAL fluid was associated with reduced proinflammatory mediators in acute 10-day exposed p16 KO and WT mice. We found that reduction in inflammatory cells in p16 KO mice was not associated with decreased proinflammatory cytokine levels in BAL fluid in p16 KO CS-exposed compared with p16 KO air-exposed control ( Figure E1B ). p16 KO mice exposed to acute CS showed significant increase in monocyte chemoattractant protein-1 (MCP-1) and IL-6 measured in BAL fluid. WT mice exposed to CS showed a modest increase in MCP-1, IL-6, macrophage inflammatory protein-2 (MIP-2), and keratinocyte chemoattractant (KC) cytokines/chemokines compared with p16 KO CS-exposed mice ( Figure E1B ). Acute CS exposure for 10 days did not affect the SA-b-gal activity measured in lung homogenates from either WT or p16 KO mice ( Figure E2A ). (n = 11). We observed significantly high mortality in p16 KO mice (eight mice died) due to tumor development in the spleen and lymphoid organs, as reported previously (22, 26) , during chronic CS exposure (data not shown). We only analyzed limited parameters (proinflammatory cytokines in lung homogenates, airspace enlargement, and gene expression by nanoString) in chronic CS-exposed p16 Het/KO mice (n = 2-3) and unable to perform lung inflammatory cell influx and lung mechanical properties in these mice. Chronic CS exposure significantly increased the proinflammatory cytokine (MCP-1 [macrophage driven] and KC [neutrophil secreted]) levels in the lung homogenates of WT and p16 KO mice as compared with their respective airexposed controls, as measured by ELISA ( Figures 3A and 3D ). We did not observe any protective effect against proinflammatory cytokine release in CSexposed p16 KO mice compared with WT CS mice. Hematoxylin and eosin-stained lung histology analysis revealed normal lung phenotype in three out of four mice in the p16 KO air group. One of the p16 KO air-exposed mice showed mild lung inflammation, whereas, in chronic CS-exposed p16 Het (2)/KO (1) mice (n = 3), two out of three showed very mild lung inflammation and one mouse showed severe lung inflammation (data not shown). Mean linear intercept (Lm) data show increased airspace enlargement in p16 KO and WT mice exposed to chronic CS compared with their respective air-exposed controls ( Figure 5A ). We did not observe any protection against chronic CS-induced airspace enlargement/emphysema in p16 KO mice.
Cellular Senescence-associated Genes Analyzed by nanoString in WT and p16 KO Air or CS Groups
Based on the literature and current knowledge from animal models of cellular senescence, we designed a panel of 41 different mouse cellular senescence genes for differential expression analysis by nanoString nCounter (Table E1) . Boxplots were generated using the boxplot function in R, which shows the distribution of normalized transcript levels from different experimental groups ( Figure E3A ). A heatmap was generated using the heatmap.2 function in the gplot package in R. We removed two genes (RGN and KL) from the heatmap, as their counts were too low for most of the experimental groups. The heatmap shows normalized transcript levels from 39 different cellular senescence genes analyzed from mouse lungs by nanoString nCounter ( Figure E3B ). WT CS-exposed mice showed significant increases in mRNA transcript levels of key cellular senescence genes, such as MMP12, CCL2, CDKN2A, TERT, and BUB1B, compared with mice in the WT air group ( Figure E4 ). Similarly, when we analyzed p16 KO CS-exposed mice, MMP12, CDKN2A, and PRKAA2 were significantly increased and PCNA and TERC were significantly decreased compared with p16 KO air-exposed mice ( Figure E4 ). In addition, we compared p16 KO air-exposed mice with WT air-exposed mice, which showed significant increases in several target genes, such as BUB1B, CAMP, PCNA, TERC, TERT, CCL2, H2AFX, and EZH2 ( Figure E5 ). There were other target genes, such as HSPA4, HDAC2, TP53BP1, HMGB1, TERF2, CXCL8, PIK3CA, PRKAA2, and PARGC1A, that were significantly downregulated in p16 KO airexposed mice compared with WT airexposed mice ( Figure E5 ). Finally, when we analyzed p16 KO CS-exposed mice compared with WT CS mice, only HDAC2 was significantly downregulated ( Figure  E5 ). In addition, we included scatter plots for selected cellular senescence genes identified by nanoString that could possibly play an important role in chronic CS-induced cellular senescence ( Figure 6 ). Due to the limitations mentioned previously here, using p16 global KO mice, we employed another model of emphysema (i.e., the fMLP-mediated emphysema model). This is based on the previous findings that fMLP can induce airspace enlargement in mice (17, 27, 28) . We found that fMLP exposure caused a significant increase in neutrophil percentage and total cell counts in p16 KO mice compared with p16 KO saline-exposed controls ( Figures  2A and 2E) . Total cell counts, with the exception of the percentage of neutrophils, were significantly increased in WT fMLPexposed mice compared with WT salineexposed control mice (Figures 2A and 2E ).
The percentage of lymphocytes remained significantly unaltered in both the WT and p16 KO fMLP groups compared with saline-exposed controls ( Figure 2G ). In addition, the percentage of macrophages was significantly reduced in the p16 KO fMLP group compared with the WT fMLP and p16 saline-exposed controls, which correlates with increased neutrophil percentages observed in the p16 KO-fMLP group (Figures 2C and 2E ). p16 KO mice exposed to fMLP showed a significant increase in MCP-1 levels compared with both p16 KO saline-and WT fMLP-exposed mice ( Figure 3B ). When we analyzed KC levels, WT fMLPexposed mice showed significant increases in KC release compared with WT saline-and p16 fMLP-exposed mice ( Figure 3E ).
p16 KO mice exposed to fMLP showed protection against altered lung mechanical properties compared with WT mice. fMLP exposure in WT mice significantly increased lung compliance and decreased lung elastance compared with WT salineexposed mice ( Figures 4A and 4C) , whereas p16 KO saline-and fMLP-exposed mice did not show alterations in lung compliance and elastance ( Figures 4A and 4C ). When we compared lung mechanical properties between the WT fMLP-and the p16 KO saline/fMLP group, lung compliance was significantly reduced in both p16 KO saline/fMLP ( Figure 4A) . Similarly, the elastance measured in WT fMLP compared with the p16 KO saline/fMLP group were significantly increased ( Figure 4C ). The lung resistance was not affected in both saline-and fMLP-exposed WT and p16 KO mice ( Figure 4B ).
WT fMLP-exposed mice showed a significant increase in airspace enlargement/emphysema measured as Lm, suggesting more alveolar destruction in the lungs compared with WT saline-exposed controls ( Figure 5B), whereas p16 KO mice exposed to fMLP showed attenuation in airspace enlargement compared with p16 KO saline-exposed controls ( Figure 5B ). There is no evidence that fMLP induces cellular senescence in the lungs. We, for the first time, determined if fMLP exposure in p16 deletion can augment/attenuate cellular senescence in the lungs. We did not observe any significant change in the SA-b-gal activity measured in lung homogenates from saline-and fMLP-exposed WT and p16 KO mice ( Figure 6A ). CreCC10 mice exposed to acute CS showed significant reduction in inflammatory cellular influx (neutrophil and total cell counts) in the lungs compared with p16 fl/fl mice ( Figure E7A ). This reduction in inflammatory cellular influx observed in BAL fluid was associated with suppression of selective proinflammatory cytokines (SASP: MCP-1 and KC) in BAL fluid of CS-exposed p16
CreCC10 compared with p16
fl/fl mice ( Figure E7B ). We further determined whether cell-specific deletion of p16 can protect against acute CS-induced cellular senescence. Acute 3-day CS exposure did not show an increase in SA-b-gal activity measured in lung homogenates from p16 fl/fl and p16
CreCC10 compared with their respective air-exposed controls ( Figure E2B ). It is possible that lung epithelial cell-specific removal of p16 does not have any bearing on acute CS-induced cellular senescence response. Figures 2F and 2H) . Similarly, elastase exposure increased the total cell counts in both p16
fl/fl and p16 CreCC10 mice compared with their respective saline controls ( Figure 2B ). Although the neutrophils (%) were not significantly increased, this contributes to the reduction in the percentage of macrophages observed in BAL fluid after elastase exposure in p16 fl/fl and p16
CreCC10 mice compared with their respective saline-exposed controls ( Figures  2D and 2F ). p16 CreCC10 mice exposed to elastase did not show augmented proinflammatory response compared with elastase-exposed p16 fl/fl mice. Both p16
fl/fl and p16 CreCC10 exposed to elastase showed significant increases in MCP-1 and KC levels, as measured by ELISA, compared with their respective saline-exposed controls ( Figures 3C and 3F) . p16 CreCC10 and p16 fl/fl mice exposed to elastase showed significant increases in lung compliance compared with their respective saline-exposed controls ( Figure 4D ). As expected, we found that elastase exposure in p16
CreCC10 and p16 fl/fl mice significantly reduced lung elastance in comparison with their respective saline-exposed controls ( Figure 4F ). However, we did not observe any significant alteration in lung resistance among p16
CreCC10 and p16 fl/fl exposed elastase and saline-exposed controls ( Figure 4E ). Elastase exposure caused significant increases in airspace enlargement/emphysema in p16
CreCC10 and p16 fl/fl mice, as measured by lung morphometry analysis ( Figure 5C ). Our data suggest that p16 deletion in lung epithelial cells did not protect against elastase-induced airspace enlargement. We found a modest increase in SA-b-gal activity from elastase-exposed p16 CreCC10 and p16
fl/fl mice compared with their respective saline-exposed controls ( Figure 6B ). Overall, these data suggest that p16 deletion in lung epithelium did not protect against elastase-induced inflammatory cellular influx, proinflammatory cytokines (SIPS and SASP), lung mechanical properties, airspace enlargement, or premature lung aging.
Discussion
CS has been shown to cause DNA damage and cellular senescence, leading to premature aging of the lung (5, 6, 30). We and others have shown that abundance of p16, p21, and p53 were increased by CS exposure in lung epithelial cells and fibroblasts in vitro, mouse lungs, and lungs from smokers and patients with COPD (5, 6, 16, 17, 20, 21, (30) (31) (32) (33) . The role and mechanism underlying SIPS and SASP in development of COPD/emphysema are unknown. Cyclin-dependent kinase inhibitor (p16
INK4a
) is induced during cellular senescence, and is considered as a marker of cells undergoing cellular senescence. The role of p16 in CS-induced cellular senescence in vivo in mouse models is nebulous. Furthermore, it is thought that deletion of p16 will rescue cells undergoing senescence, and may provide protection against lung-injurious/emphysematous response. It has been shown that upregulation of p16
INK4a and p19 ARF is associated with cellular senescence, which is linked to SASP and inflammatory response (2, 7, 34) , as well as decline in lung function (35) . In this study, we examined the role of p16 in CS-induced inflammatory responses, whether p16 removal/deletion would rescue lung cells against CS-induced SIPS (senescence-associated b-gal activity) and SASP (e.g., proinflammatory mediators' release) in lung cells. p16 INK4a is involved in irreversible and permanent cell cycle arrest during DNA damage response observed during cellular senescence. p16 upregulation limits cell proliferation induced by various stressful stimuli: oxidative damage, telomere dysfunction, and DNA damage. We hypothesized that p16 plays an important . p16 global and lung epithelial cell-specific deletion shows increased proinflammatory response to chronic CS, fMLP, and elastase in BAL fluid. Mice were exposed to chronic CS (6 mo) or aerosolized fMLP or elastase intratracheal injection, as described in METHODS. Mice were killed and proinflammatory mediators monocyte chemoattractant protein-1 (MCP-1) and keratinocyte chemoattractant (KC) in the BAL fluid were measured by ELISA after (A and D) chronic CS exposure, (B and E) fMLP aerosolization, and (C and F) elastase injection. Data are shown as mean (6SEM) (n = 3-8/group). *P , 0.05, **P , 0.01, ***P , 0.001, significant compared with respective air-/Sal-exposed controls; ### P , 0.001, significant compared with WT fMLP.
role in the regulation of CS-induced cellular senescence (SIPS and SASP) in lung cells in mouse models of COPD/emphysema. CS caused stress-induced cellular senescence which was associated with increased SAb-gal activity, p21 and p16 expression in mouse lungs. We then used the strategy of p16 deletion/elimination of these cells in p16 KO mice exposed to CS (acute and chronic), and other valid models (fMLP and elastase) of COPD/emphysema.
As expected, chronic CS exposure resulted in an increased lung inflammatory cell influx associated with the release of proinflammatory mediators; however, p16 depletion had little or no protective effect on these responses. Similarly, airspace enlargement was not affected by p16 deletion in chronic CS exposed mice. There are some caveats in this model (e.g., p16 global KO mice develop tumors in several organs [e.g., liver, spleen, etc.]); as such, results from p16 KO must be interpreted cautiously. Due to the limiting factors stated previously here, we used another model of COPD/emphysema in p16 global KO mice. As described previously, it is known that fMLP instillation/exposure induces emphysematous responses in mouse lungs (17, 27, 28) . fMLP treatment increases lung elastase burden, decreases lung elastin, and induces emphysematous responses. fMLP induced inflammatory and injurious responses in WT mice, whereas it was attenuated in p16 KO mice. Airspace enlargement/emphysema measured as Lm was markedly increased as a result of alveolar destruction by fMLP exposure in WT, which was attenuated in p16 global KO mice. These findings were surprising, which may be due to the neutrophil-derived inflammatory response, where p16 may play a role in the attenuation of lung destruction rather than other factors (CS or elastase), which are macrophage or epithelial driven. Furthermore, our observation of reduction in injurious responses may be due to the lung destruction, independent of DNA damage-initiated cellular senescence caused by fMLP.
Elastase exposure was aggressive in producing airspace enlargement in p16 lung epithelial cell-specific KO mice. Lung function, airspace enlargement (Lm), differential cell counts, and proinflammatory mediators (cytokines) in BAL fluid of p16 fl/fl and p16 CreCC10 mice exposed to elastase were augmented compared to saline control. These observations parallel what we observed in the chronic CS exposure model (SIPS and SASP). The involvement of p16 may be limited to the epithelial/alveolar cell cycle, and deletion of cell cycle inhibitor in the lung epithelium may lead to further augmentation of damaging/injurious responses in COPD/emphysema models. Furthermore, it may be surmised that p16 deletion in lung epithelium may be indirectly related to governing cellular senescence (as p16 may be just a marker of cellular senescence or upregulated when the cells are undergoing senescence) and/or that p16 is not the sole factor for inducing senescence in lung cells. . p16 global and lung epithelial cell-specific deletion shows differential response to lung mechanics after fMLP aerosolization and elastase injection. (A) Lung compliance, (B) resistance, and (C) elastance were measured in WT and p16 KO mice exposed to aerosolized Sal/fMLP after 21 days. Similarly, (D) lung compliance, (E) resistance, and (F) elastance were measured in p16 fl/fl and p16 CreCC10 mice treated with Sal/Ela injection after 21 days. Data are shown as mean (6SEM) (n = 3-8 per group). *P , 0.05, **P , 0.01, ***P , 0.001, significant compared with respective air-/Sal-exposed controls; # P , 0.05, ## P , 0.01, significant compared with WT fMLP.
Our observations of chronic CS exposures and other models of emphysema are in contrast to what we observed in response to acute 10-day CS exposure in p16 KO mice. Acute CS exposure in p16 KO (10 d) and p16
CreCC10 mice (3 d) showed a significant reduction in inflammatory cellular influx (neutrophils) in the lung compared with WT or p16 fl/fl mice. This was associated with suppression of specific proinflammatory cytokines in BAL fluid, but not cellular senescence, as measured by SA-b-gal activity. This raises the possibility that cell cycle inhibitors, such as p16, are involved in regulation of inflammatory response as we noticed in p21-deficient mice (17) . However, chronic destruction of airspace is independent of p16 (because this occurred in lung structural cells) where cellular senescence occurred. It remains unclear whether p16 deficiency has any role during chronic CS exposure-mediated immunosenescence (senescence in immune-inflammatory cells). A previous report shows an ectopic expression of p16
-mediated suppression of LPSinduced IL-6 expression in macrophages (36) . In addition, it was found that senescent macrophages with physiological expression of p16 upregulated IL-6 production when p16 was targeted by siRNA (36) . Our data from acute CS-exposed p16 KO mice show reduced neutrophil influx in BAL fluid, but increased release of macrophage-specific cytokines, MCP-1 and IL-6, suggesting cyclin-dependent kinase (CDK)-inhibitory proteins differentially regulate inflammatory response during acute CS-induced oxidative stress. Recent studies have provided strong evidence that nuclear CDKs support the expression of inflammatory genes (37) . Strategies to therapeutically target CDK involvement in proinflammatory gene expression will allow us to devise a novel therapy against SASP mediators in chronic inflammatory lung diseases.
Prior studies have demonstrated a role for p16 in the differentiation of monocytes into inflammatory M1 macrophages, which, in turn, participates in T lymphocyte polarization toward senescence-inducing T-helper type 1 cells (38, 39) . B cell senescence occurs during aging, and the expression levels of both aging markers, p16
INK4a and p14/p19 Data are shown as mean (6SEM) (n = 3-6/group). *P , 0.05, **P , 0.01, ***P , 0.001, significant compared with respective air-/Sal-exposed controls.
of CDKN2A locus or gene promotes proliferation and predisposition of B cells to leukemogenesis (41) . It has been shown in murine models that hematopoietic stem cells (HSCs) accumulate DNA damage and senescence markers as they age. It is possible that chronic CS exposure could affect the HSC replicative capacities and thus increase the overall HSC pool, with impaired differentiation potential over time and, ultimately, an effect on immune system homeostasis (42, 43) .
Recently, we have shown that telomere protection protein 1 (TPP1) plays an important role in protecting CS-induced telomeric DNA damage and cellular senescence in lungs of chronic CS-exposed mice (20) . Furthermore, p16
INK4a exerts a protective effect against dysfunctional telomere-induced ataxia-telangiectasia mutated and Rad3-related (ATR)-dependent DNA damage response in proliferating cells (44) . This suggests that p16 induction and telomeric DNA damage response are intertwined. However, our data from chronic CS-exposed p16 KO mice do not show protection against CSinduced DNA damage and cellular senescence, suggesting that p16
INK4a may not be required to protect against dysfunctional telomeric DNA damage response and cellular senescence in the mouse model of COPD/emphysema. Thus, removal of p16-positive cells did not protect against airspace enlargement or decline in lung function induced in COPD mouse models. Similarly, removal of p16 in the lung epithelium did not protect mice against decline in lung function or airspace enlargement induced by elastase.
We believe that p16 KO/lung epithelial cell-specific p16 deletion in acute CS exposure models show early repair responses, such as reduced inflammatory cellular influx and proinflammatory cytokines release. During chronic CS exposure, the contribution of p16 INK4a -regulated SIPS-and SASP-mediated cellular senescence, along with cell-intrinsic and cell-extrinsic factors, drives the lung aging process (45) . Our findings suggest that p16
INK4a plays a critical role in the regulation of lung inflammatory response, but is not associated with CS-induced cellular senescence phenotypes (SIPS and SASP) against decline in lung function and airspace enlargement in COPD/emphysema. The role of p16 in different lung cell types (airway smooth muscle cells, endothelial cells, and fibroblasts) needs to be investigated before drawing any conclusion on whether p16 is associated with CS-induced cellular senescence phenotypes (SIPS and SASP), as well as decline in lung function and airspace enlargement in COPD/emphysema.
Our nanoString mRNA transcript analysis clearly demonstrates a role of matrix metalloproteinase 12 (MMP12) in CS-exposed WT and p16 Het/KO mice during the development of CS-induced COPD/emphysema. Previously, it has been shown that MMP12 KO mice are protected against chronic CS-induced emphysema, demonstrating the role of MMP12 in the pathogenesis of COPD/emphysema (46) . We found that chronic CS exposure in WT mice significantly induced cellular senescence marker, p16 (CDNK2A), confirmed by nanoString. One of the major SASP cytokine CCL2 genes (MCP-1) is significantly induced by chronic CS exposure, as confirmed in BAL fluid, and lung homogenates by ELISA was elevated at the mRNA level in lung tissues identified by nanoString. We found that chronic CS exposure increased the mRNA transcript levels of mouse mitotic checkpoint gene, BUB1B, a novel Bub1 family member, that is expressed in a cell cycle-dependent manner (47) . In addition, we measured expression levels of telomere length-related genes, such as TERT, TERC, and TERF2, in chronic CS-exposed WT and p16 Het/KO mouse lungs. WT CS-exposed mice showed increased expression of TERT and decreased expression of TERF2, whereas the p16 Het/KO CS-exposed mice showed reduced expression of TERC, suggesting that differential expression of telomere length-related genes play an important role in the regulation of CSinduced cellular senescence. Together, these data suggest that the cellular senescence program induced by CS in WT mice leads to upregulation of genes involved in cellular senescence, which is further induced by CS in p16-deficient mice. However, the . p16 global and lung epithelial cell-specific deletion mice exposed to fMLP and elastase show no effect on senescence-associated b-galactosidase (SA-b-gal) activity in the lung. SA-b-gal activity was measured in lung homogenates (after 1 and 3 h of incubations) from (A) WT and p16 KO mice exposed to aerosolized fMLP after 21 days, and (B) both p16 fl/fl and p16 CreCC10 mice treated with Ela after 21 days. Data are shown as mean (6SEM) (n = 6-10/group).
induction of these genes is independent of alveolar/epithelial destruction in p16-ablated mice.
Further work using imaging on p16
INK4a induction (by total body luciferase imaging) in p16 luc mice will address and differentiate the involvement of the celldependent role of p16 in cellular senescence programing and emphysema (34) . Future work using the senolytic drugs in animal models of COPD/emphysema may also be important. Senolytic drugs are currently emerging, and is based on removal of senesced cells or inhibition of pathways involved in cellular senescence (e.g., prosurvival signaling molecules, such as Bcl-xl, JAK/STAT, SIRT1, and mTOR pathways) (48) (49) (50) . These drugs are known to have antiinflammatory properties (anti-SASP); prior studies have been conducted in cell lines/in vitro to assess the effects of senolytic compounds, but in vivo studies in COPD/emphysema are challenging to perform.
In conclusion, p16 deletion attenuates acute CS-induced inflammatory responses, but is not associated with clearance of senesced cells or stopping the progression of lung phenotype (airspace enlargement and lung mechanical properties), at least in the animal models of COPD/emphysema (CS/fMLP/elastase) described in this study. Hence, p16 global deletion may not be a promising approach in attenuation of COPD/emphysema as a result of several caveats observed in p16 KO mice exposed to chronic CS. Furthermore, p16-deficient mice have a higher mortality rate due to tumor development in other lymphoid organs as they age. p16 is required to maintain normal tissue homeostasis and limit tumor progression. Lack of p16 possibly increases CS-induced SIPS/SASP and systemic damage-associated molecular patterns, leading to lung inflammation, injury, and COPD/emphysema. Similarly, lung epithelial cell-specific deletion of p16 also did not show protection against elastaseinduced inflammatory response or cellular senescence in mouse models of COPD/emphysema. However, the use of p16
INK4a -based senescence ablation systems, such as p16-3MR (p16 
